Introduction {#S0001}
============

Natural killer (NK) cells are immune cells that can kill tumor cells via death receptor pathways (TRAIL/TRAIL receptor and FasL/Fas) and the release of cytotoxic granules.^[1](#CIT0001)^ The latter is controlled by signals from activating and inhibitory cell surface receptors. While a large array of receptors mediate NK cell activation, inhibition is mainly controlled by HLA class I-binding receptors including leukocyte immunoglobulin-like receptor subfamily B member 1 (LILRB1; Lir-1), killer immunoglobulin-like receptors (KIRs), and CD94/NKG2A.^[1](#CIT0001)^ The KIRs and CD94/NKG2A receptor are also involved in NK cell education, a process that dynamically tunes the potency of an NK cell response to cells losing HLA class I expression.^[2](#CIT0002),[3](#CIT0003)^

Bortezomib is a reversible proteasome inhibitor that upon binding to the 26S subunit of the proteasome causes cellular growth arrest, inhibition of migration and apoptosis.^[4](#CIT0004)^ Proteasome inhibition also induces endoplasmatic reticulum (ER)-stress due to accumulation of misfolded and unfolded proteins in the ER.^[5](#CIT0005)^ Cells respond to ER-stress by activating the unfolded protein response (UPR) which reduces unfolded protein burden via production of a set of pro-survival enzymes and chaperons that facilitate proper protein folding in the ER.^[6](#CIT0006)^ In addition to promoting cell survival via proper protein folding, UPR signaling also drives cells into autophagy,^[7](#CIT0007)^ a state where cells become quiescent while recycling damaged organelles and proteins before returning to a normal cellular state.^[8](#CIT0008)^ Cells that cannot resolve ER-stress undergo cell death via apoptosis.^[6](#CIT0006)^

Administration of bortezomib to patients with multiple myeloma (MM) has led to significantly improved survival.^[9](#CIT0009),[10](#CIT0010)^ However, despite these positive results, disease recurrence inevitably occurs. Resistance to bortezomib has been reported to occur due to a variety of factors including the upregulation of the multidrug resistance protein,^[11](#CIT0011)^ heat-shock protein 70,^[12](#CIT0012)^ and the proteasome subunit beta-5 (PSMB5)^[13](#CIT0013)^ or from mutations in *PSMB5*,^[13](#CIT0013),[14](#CIT0014)^ or from ER-stress-mediated quiescence.^[15](#CIT0015)^

In addition to its direct toxic effects, bortezomib also sensitizes tumor cells to TRAIL-mediated apoptosis.^[16](#CIT0016)^ We and others have reported that bortezomib augments TRAIL-mediated NK cell cytotoxicity against several different types of tumors *in vitro* by upregulating death receptor 5 (DR5) on the tumor cell surface.^[17](#CIT0017)--[19](#CIT0019)^ However, it remains to be determined whether bortezomib sensitizes MM cells to NK cells *in vivo* via this mechanism.

Here we describe a completely novel mechanism through which bortezomib sensitizes MM cells to NK cells. Following *in vitro* exposure to bortezomib at concentrations achieved pharmacologically in humans, we observed reduced cell surface expression of HLA-E on MM cells which increased their susceptibility to killing by NK cells that expressed CD94/NKG2A as their only inhibitory receptor (NKG2A^SP^). Remarkably, tumor sensitization to NK cells via the NKG2A/HLA-E axis occurred independent of sensitization that concomitantly occurred via the TRAIL pathway. Using a panel of drugs, we found bortezomib-induced upregulation of DR5 and downregulation of HLA-E on tumor cells was mediated through ER-stress that directed cells into autophagy. Finally, we observed that NK cells expanded *ex vivo* using irradiated EBV-LCL feeder cells increased both TRAIL surface expression and the percentage of NKG2A^SP^ NK cells compared to unexpanded overnight IL-2 activated NK cells. Consistent with the above, we observed that overall killing of bortezomib-exposed MM cells by NK cells was greater with expanded NK cells compared to their unexpanded IL-2 activated counterparts. Based on these findings, we hypothesize that adoptive transfer of *ex vivo* expanded NK cells following treatment with bortezomib may contribute to eradication of MM cells that escape bortezomib-induced apoptosis, potentially improving disease free survival of patients treated with this agent.

Results {#S0002}
=======

Bortezomib sensitizes multiple myeloma cells to NK cells via pathways additional to the TRAIL/DR5 pathway {#S0002-S2001}
---------------------------------------------------------------------------------------------------------

Previous studies have shown that bortezomib sensitizes various tumor cell types to TRAIL-expressing NK cells via upregulation of death receptor 5 (DR5) on the target cells.^[17](#CIT0017)--[19](#CIT0019)^ However, prior studies have not established that MM sensitization to NK cell killing following proteasome inhibition is exclusively TRAIL dependent. To address this, we treated three MM cell lines with bortezomib for 24 hours prior to co-culturing with NK cells. As MM cells are highly sensitive to bortezomib, our experiments were conducted with a 5 nM concentration of bortezomib, which represents the pharmacological levels achieved *in vivo* following treatment.^[20](#CIT0020)^ As shown in [Figure 1](#F0001), pretreatment with bortezomib augmented NK cell-mediated killing of MM cells. However, antibody-mediated blockade of TRAIL on NK cells only partly reduced their capacity to kill MM cells and did not diminish the sensitizing effect of bortezomib to NK cell killing ([Figure 1b](#F0001) and Supplemental [Figure 1](#F0001)). These data demonstrate that pathways other than the previously established TRAIL/DR5 pathway are involved in bortezomib-induced tumor sensitization to NK cells.10.1080/2162402X.2018.1534664-F0001Figure 1.Bortezomib sensitizes multiple myeloma cells to NK cells, but only partially via the TRAIL/DR5 pathway.Overnight IL-2 activated NK cells were co-cultured with the MM cell lines EJM (n = 8), MM.1S (n = 6), OPM1 (n = 8) either pre-exposed (grey bars) or not (white bars) to 5 nM bortezomib for 24 hours. (a) Lysis of MM cells by NK cells following a 4-hour co-culture (n = 10). (b) Lysis of MM cell lines following a 4-hour co-culture with NK cells pre-treated with a TRAIL blocking antibody. *Bars*, mean. *Error bars*, standard deviation. \* p \< 0.05, \*\* p \< 0.01.

Multiple myeloma cells become susceptible to CD94/NKG2A^+^ NK cells following exposure to bortezomib {#S0002-S2002}
----------------------------------------------------------------------------------------------------

We next evaluated NK cell degranulation following co-cultures with MM cells to assess if NK cell activity was increased following bortezomib treatment. This analysis revealed that NK cell anti-tumor activity was significantly increased when MM cells were pretreated with bortezomib compared to untreated MM cells ([Figure 2a](#F0002)--[b](#F0002)). Based on the report by Shi et al., describing loss of HLA class I on MM cells following treatment with bortezomib, we also analyzed if NK cells that are educated and inhibited by KIR and NKG2A had increased activity when co-cultured with bortezomib-treated MM cells. For this evaluation, we used NK cells from individuals with KIR haplotype A/A who only carry inhibitory but not activating KIRs. To remove any potential influence of the pan-HLA class I-binding receptor Lir-1, we excluded this receptor in the analysis. As shown in [Figure 2c](#F0002), NK cells expressing NKG2A but not KIR (and Lir-1) displayed a substantial and significantly higher reactivity to bortezomib-treated MM cells compared to untreated target cells. In contrast, there was a much smaller increase in the level of degranulation observed in NK cells controlled by inhibitory KIRs ([Figure 2c](#F0002)). Taken together, these data establish that bortezomib sensitizes MM cells to NK cells via both a TRAIL/DR5 pathway and a previously uncharacterized selective sensitization to NKG2A^+^ NK cells.10.1080/2162402X.2018.1534664-F0002Figure 2.Following exposure to bortezomib, MM cells become susceptible to NK cell killing via the degranulation pathway primarily triggered in CD94/NKG2A^+^ NK cells.Overnight IL-2 activated NK cells (n = 7) were co-cultured without target (no target; NT) (negative control), with K562 cells (positive control), or MM cell lines (EJM, MM.1S, OPM1) either pre-exposed or not to 5 nM bortezomib for 24 hours. (a) Representative FACS plots showing degranulation levels by CD56^dim^ NK cells using the CD107a marker following co-cultures with controls or the MM cell line EJM. (b) Degranulation levels by CD56^dim^ NK cells following co-cultures with controls or MM cells. (c) Degranulation levels by KIR^+^NKG2A^−^ (grey bars) or KIR^−^NKG2A^+^ (black bars) CD56^dim^ NK cells following co-cultures with controls or MM cells. *Bars*, mean. *Error bars*, standard deviation. \* p \< 0.05.

Selective and transient reduction of cell surface HLA-E, but not classical HLA class I, on bortezomib treated multiple myeloma cells {#S0002-S2003}
------------------------------------------------------------------------------------------------------------------------------------

The NKG2A receptor inhibits NK cell cytotoxicity following ligation to the non-classical HLA class I molecule HLA-E expressed on target cell.^[21](#CIT0021)^ Based on our functional data, and data on bortezomib-induced loss of HLA class I reported by Shi et al.,^[22](#CIT0022)^ we next assessed the impact of exposing MM cells to bortezomib in terms of HLA class I and HLA-E expression. Consistent with our finding that tumor sensitization occurred predominantly to NKG2A-expressing NK cells, we observed bortezomib induced a loss of HLA-E expression on MM cells while HLA class I levels remained unchanged or slightly increased ([Figure 3](#F0003)). In line with data for other tumor cell types, bortezomib also induced upregulation of DR5 on the surface of MM cells. These drug-induced phenotypic alterations observed in MM cells were dose-dependent (Supplemental Figure 2). Dose-dependent loss of cell surface HLA-E was also confirmed on bortezomib-exposed primary MM cells (Data not shown).10.1080/2162402X.2018.1534664-F0003Figure 3.Bortezomib induces a selective and transient reduction of HLA-E, but not classical HLA class I, while transiently upregulating DR5 expression on MM cells.MM cell lines were either exposed or not to 5 nM bortezomib prior to assessment of cell viability and cell surface expression of HLA-E, HLA class I and DR5. (a) Representative FACS plots showing the viability as measured by 7-AAD and Annexin V and the expression of HLA-E, HLA class I and DR5 on the cell surface of 7-AAD^−^Annexin V^−^ live the OPM1 MM cell line. (b) The cell surface expression of HLA-E (black bars), HLA class I (grey bars) and DR5 (white bars) on live MM cells after 24 hours of exposure to bortezomib (n = 10). (c) The cell surface expression of HLA-E (circles), HLA class I (squares) and DR5 (triangles) on live MM cells before and after 24 hours of exposure to bortezomib, as well as up to 72 hours from wash-off (WO) of bortezomib (n = 5). (d) The viability of MM cells before and 24 hours after exposure to bortezomib, as well as up to 72 hours from WO of bortezomib (n = 5). *Bars or symbols*, mean. *Error bars*, standard deviation. \* p \< 0.05.

To further understand the kinetics of these phenotypic alterations, we next studied the expression of HLA class I, HLA-E and DR5 after wash-off of bortezomib from tumor cells *in vitro*. This experiment revealed that DR5 expression almost normalized 24 hours after withdrawal of the drug, in contrast to HLA-E expression which did not return to baseline levels on myeloma cells until approximately 48 hours after wash-off ([Figure 3b](#F0003)). In contrast, HLA class I expression remained unchanged or was actually slightly increased over time after withdrawal of bortezomib. Importantly, bortezomib concentrations that are achieved pharmacologically in humans were utilized for all experiments,^[20](#CIT0020)^ which notably resulted in cell death in only a fraction of the MM cells ([Figure 3d](#F0003)). Collectively, these data show for the first time that bortezomib upregulates DR5 expression on MM cells while simultaneously downregulating HLA-E without having any suppressive effect on HLA class I expression.

Bortezomib-induced reduction of HLA-E and upregulation of DR5 expression on multiple myeloma cells is a result of ER-stress and rapid turnover of cell surface HLA-E molecules {#S0002-S2004}
------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Since bortezomib is cytotoxic to MM cells, loss of HLA-E may simply be a consequence of cell death. To rule out this possibility, we evaluated HLA-E expression on MM cells following exposure to the chemotherapeutic agent cisplatin, which in contrast to the proteasome inhibitor bortezomib, induces cell death primarily via crosslinking of DNA. As shown in [Figure 4a--b](#F0004), although cisplatin induced MM cell death, HLA-E expression remained unchanged and no changes in cell surface expression of DR5 and HLA class I were observed. To completely exclude that HLA-E expression was reduced due to bortezomib-induced apoptosis, we treated MM cells with bortezomib for 24 hours and then sorted the cells by flow cytometry based on their relative expression of HLA-E. If the loss of HLA-E had been a consequence of cell death, one would predict that there would be a higher proportion of apoptosis among those cells that displayed the highest degree of HLA-E reduction. However, no such difference in viability could be observed between the HLA-E^high^ and HLA-E^low^ fractions after 24 hours of culture in bortezomib-free medium following flow cytometry sorting (Supplemental Figure 3).10.1080/2162402X.2018.1534664-F0004Figure 4.ER-stress, and not cell death, prompts downregulation of HLA-E and upregulation of DR5 on the surface of MM cells.MM cell lines were either exposed or not to cisplatin, bortezomib or tunicamycin prior to assessment of cell viability and cell surface expression of HLA-E, HLA class I and DR5. (a) Representative FACS plots showing the viability as measured by 7-AAD and Annexin V and the expression of HLA-E, HLA class I and DR5 on 7-AAD^−^Annexin V^−^ live OPM1 MM cells following exposure to cisplatin (n = 10), bortezomib (n = 10) or tunicamycin (n = 8). (b) The relative viability of OPM1 MM cells exposed to either cisplatin, bortezomib or tunicamycin for 24 hours compared to untreated MM cells. (c) The relative cell surface expression of HLA class I (black bars), DR5 (grey bars) and HLA-E (white bars) on live OPM1 MM cells exposed to either cisplatin, bortezomib or tunicamycin for 24 hours compared to untreated MM cells. (d) The intracellular expression levels of the ER-stress related proteins CHOP and BiP at 12 and 24 hours, respectively. (e) The intracellular expression levels of the autophagy related proteins LC3 and LAMP-1 at 24 and 48 hours, respectively. D and E show representative data for the OPM1 MM cell line. *Bars or symbols*, mean. *Error bars*, standard deviation. \* p \< 0.05, \*\* p \< 0.01.

Bortezomib can alter tumor protein expression levels through a number of different mechanisms,^[4](#CIT0004)^ including as a consequence of ER-stress.^[5](#CIT0005)^ To further dissect if bortezomib-induced ER-stress was involved in reducing HLA-E expression, we exposed tumor cells to tunicamycin, a well-known ER-stressor that does not inhibit the proteasome. Treatment of MM cells for 24 hours with tunicamycin resulted in a simultaneous loss of HLA-E expression and upregulation of DR5, phenotypic changes that mirrored those that occurred when MM cells were treated with bortezomib ([Figure 4c](#F0004)). Similar to bortezomib, tunicamycin also induced these changes without a major loss of viability in the MM cells ([Figure 4b](#F0004)), confirming the phenotypic changes induced by bortezomib occur as a consequence of ER-stress rather than being caused nonspecifically as a consequence of drug-associated apoptosis. To definitively establish that bortezomib induces ER-stress and autophagy in our experimental model system like previously reported for several proteasome inhibitors,^[5](#CIT0005),[15](#CIT0015)^ we confirmed the upregulation of CHOP and BiP as well as conversion of LC3-I to LC3-II and LAMP-1, respectively, using Western blots ([Figure 4d](#F0004)).

HLA-E has been shown to have a relatively more unstable tertiary structure compared to classical HLA class I molecules with its expression being more dependent on TAP and tapasin in combination with ß2-microglobulin and a narrow set of peptides.^[21](#CIT0021)^ Based on this, we next evaluated if the turnover of cell surface HLA-E on MM cells was different from that of classical HLA class I molecules. Using brefeldin A (BFA) that inhibits fusion of late ER vesicles to Golgi, thereby preventing transportation to new molecules to the cell surface, we found that the cell surface half-life of HLA-E on MM cells was significantly shorter than for classical HLA class I molecules ([Figure 5](#F0005)). Because HLA-E expression appears to be more dependent on constant *de novo* synthesis than classical HLA class I molecules, these data provide the mechanism accounting for why HLA-E expression was significantly more affected by bortezomib-induced ER-stress compared to HLA class I expression.10.1080/2162402X.2018.1534664-F0005Figure 5.Blockade of the delivery of *de novo* synthesized molecules from the ER reveals that HLA-E molecules have a shorter cell surface half-life on MM cells compared to classical HLA class I molecules.HLA class I and HLA-E expression on MM cell lines following treatment with the ER to Golgi blocking agent brefeldin A (BFA). (a) Representative example of the HLA class I and HLA-E expression on the MM cell line OPM1 up to 8 hours after exposure to BFA. *Histogram lines --* HLA class I or HLA-E expression, *tinted histograms --* isotype controls. (b) Expression of HLA class I (open squares) and HLA-E (filled squares) on MM cells treated with BFA relative to unexposed MM cells up to 8 hours from start of exposure (n = 5). *Symbols*, mean. *Error bars*, standard deviation.

Taken altogether, these experiments establish that bortezomib reduces cell surface expression of HLA-E by triggering ER-stress and thereby interfering with *de novo* HLA-E protein synthesis.

Ex vivo *expanded NK cells with a large NKG2A^SP^ subset and high level of cell surface TRAIL represents an optimal NK cell preparation for targeting bortezomib-exposed multiple myeloma cells* {#S0002-S2005}
------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Based on data showing bortezomib enhances NK cell TRAIL-mediated tumor killing, we are currently conducting a phase I dose-escalating clinical trial to establish the safety of adoptive transfer of *ex vivo* expanded NK cells in patients with refractory malignancies pre-treated with bortezomib. The new discovery described in this report that MM cells downregulate HLA-E following bortezomib treatment, which selectively sensitizes tumors to NKG2A^SP^ NK cells (only inhibited by the CD94/NKG2A receptor, while lacking KIR and Lir-1), led us to retrospectively investigate the effects of *ex vivo* NK cell expansion on NKG2A^SP^ NK cells. Remarkably, we observed that *ex vivo* expansion using irradiated EBV-LCL feeders, the method currently being utilized to expand NK cells in our clinical trial,^[23](#CIT0023)^ not only upregulated NK cell TRAIL as described but also enriched for NKG2A^SP^ NK cells ([Figure 6a](#F0006) and Supplemental Figure 4). In light of this, we next compared the MM targeting capacity of expanded NK cells to that of their unexpanded overnight IL-2 activated counterpart. Using the same NK cells to MM cells ratio, we observed that expanded NK cells were more potent at killing MM cells compared to overnight IL-2 activated NK cells (17% vs 5%, respectively) ([Figure 6b](#F0006)). Although pretreatment with bortezomib sensitized MM cells to killing by both NK cell preparations, remarkably bortezomib pretreatment led to substantially higher overall killing by *ex vivo* expanded NK cells compared to overnight IL-2 activated NK cells (17% to 40% vs 5% to 15%, respectively). Blockade of TRAIL on expanded NK cells prior to co-culture with MM cells only slightly reduced their killing capacity, showing the sensitizing effect of bortezomib on MM cells is mediated to a lesser degree by the TRAIL/DR5 pathway compared to HLA-E downregulation sensitizing them to killing by NKG2A^SP^ NK cells ([Figure 6c](#F0006)). Finally, we also confirmed that killing by isolated NKG2A^SP^ NK cells was potentiated when MM cells had been exposed to bortezomib as compared to unexposed cells (Data not shown). Collectively, these data show that *ex vivo* expanded NK cells represent an optimal NK cell preparation for future clinical trials utilizing bortezomib to sensitize MM cells to NK cell killing. Given the high probability that bortezomib is toxic to and impairs the function of circulating NK cells when administered to patients, as could be predicted based on our *in vitro* exposure of non-expanded NK cells to bortezomib (Supplemental Figure 5), the use of an adoptive transfer protocol to space out NK cell infusion from bortezomib administration may be key to obtain maximal clinical efficacy.10.1080/2162402X.2018.1534664-F0006Figure 6.*Ex vivo* expanded NK cells with a large proportion of NKG2A^SP^ cells and high levels of cell surface TRAIL are the optimal NK cell preparation for targeting bortezomib-exposed MM cells.The proportion of NKG2A^SP^ NK cells and level of TRAIL expression and MM lysis capacity of overnight IL-2 activated and *ex vivo* expanded NK cells were assessed. (a) The proportion of NKG2A^SP^ NK cells among overnight IL-2 activated and *ex vivo* expanded NK cells as well as TRAIL expression on both NK cell preparations were measured (n = 9). (b) The capacity of overnight IL-2 activated and *ex vivo* expanded NK cells to lyse the MM cell line MM.1S either unexposed (grey bars) or pre-exposed (black bars) to 5 nM bortezomib (n = 8). (c) The capacity of unblocked or TRAIL blocked *ex vivo* expanded NK cells to lyse the MM cell line MM.1S either unexposed (grey bars) or pre-exposed (black bars) to 5 nM bortezomib (n = 8). The capacity of unblocked or TRAIL blocked *ex vivo* expanded NK cells to lyse K562 cells (white bars) was measured as a control (n = 8). *Bars*, mean. *Error bars*, standard deviation. ns, non-significant, \* p \< 0.05, \*\* p \< 0.01.

Discussion {#S0003}
==========

In this report, we identify a novel method through which bortezomib sensitizes MM cells to NK cell killing. Importantly, data from these experiments suggest this newly discovered sensitizing effect, which occurs as a consequence of bortezomib reducing tumor cell surface expression of HLA-E, is more potent than bortezomib-induced sensitization via the TRAIL pathway. By inducing ER-stress following proteasome inhibition with bortezomib, MM cells rapidly lose cell surface expression of HLA-E, but not classical HLA class I, rendering them susceptible to killing by NK cells that are exclusively regulated by the inhibitory receptor CD94/NKG2A (NKG2A^SP^ NK cells). Remarkably, sensitization to NKG2A^SP^ NK cells via this pathway was independent of tumor sensitization to TRAIL. As both pathways contributed to augmented overall tumor targeting by NK cells, we evaluated and subsequently established that *ex vivo* expanded NK cells maximize the sensitizing effects of bortezomib as they contain a higher percentage of NK cells that are NKG2A^SP^ and express higher levels of TRAIL compared to short-term IL-2 activated NK cells. Given that bortezomib-induced ER-stress has been shown to drive MM cells into autophagy and that they thereby can evade bortezomib-induced cell death, we hypothesize that the addition of adoptive NK cell infusions following conventional bortezomib treatment might be a maneuver that could be used to eradicate the bortezomib-escaping quiescent MM cells that otherwise may cause disease relapse.

Since its FDA-approval in 2003, bortezomib has significantly improved the survival of patients with MM.^[9](#CIT0009),[10](#CIT0010)^ However, despite these positive results, MM patients treated with bortezomib invariably relapse. Although drug resistance represents one potential mechanism of tumor escape,^[11](#CIT0011)--[14](#CIT0014)^ reports also indicate that MM cells can evade the apoptotic effects of bortezomib by undergoing ER-stress-mediated autophagy.^[15](#CIT0015)^ Data from studies conducted in this report show that bortezomib rapidly induces ER-stress in MM cells, which triggers tumor cell surface loss of HLA-E and upregulation of DR5 concomitant with the activation of autophagy pathways. Induction of ER-stress in MM cells exposed to sub-toxic doses of tunicamycin resulted in a marked reduction of HLA-E expression and a robust upregulation of cell surface DR5 expression on non-apoptotic cells. Although DR5 upregulation has previously been shown to be mediated via ER-stress-induced CHOP activation and ATF3 following proteasome inhibition,^[24](#CIT0024)^ our study is the first to show that HLA-E expression on tumor cells is substantially reduced as a consequence of ER-stress triggered by proteasome inhibition. We speculate that ER-stress leads to misfolding of and improper peptide loading of the HLA-E molecule in the ER, events which are critical for cell surface presentation of functional and stable HLA-E molecules.^[25](#CIT0025)^ However, additional mechanisms cannot be excluded, such as previously reported proteasome inhibition-mediated restriction of the peptide pool for HLA-E, leading to abrogation of the dissociation between HLA-E and TAP in the ER.^[26](#CIT0026),[27](#CIT0027)^ Moreover, reduced translocation of HLA-E molecules from the ER to the cell surface, a phenomenon previously reported to occur following proteasome inhibition, can also prevent surface expression of new HLA-E molecules.^[26](#CIT0026)^ Further studies are needed to fully characterize the degree to which each of these mechanisms contributes to the reduction of HLA-E on the cell surface of MM cells following proteasome inhibition.

An important observation from our experiments showing bortezomib-induced suppression of HLA-E on the cell surface was that classical HLA class I expression remained intact. This contrasts the previously reported data by Shi et al. where bortezomib led to a reduction in pan-HLA class I expression on MM cells.^[22](#CIT0022)^ The discrepancies between that study and ours may be that substantially higher concentrations of bortezomib (10--50 nM vs 5 nM) were used in the study by Shi et al. In our study, we observed that bortezomib doses of 10 nM or higher induced significant cell death in all MM cell lines. As a consequence, we exposed the MM cells to lower concentrations of bortezomib and assessed HLA class I expression specifically on viable cells that were neither apoptotic nor dead (negative for both Annexin V and 7-AAD). In contrast, Shi et al. excluded dead cells by only using the late apoptosis marker 7-AAD, thereby potentially including pre-apoptotic cells in their analysis. Hence, in the study by Shi et al., it is possible their analysis identified cells having a reduction in HLA class I as a consequence of drug-induced early apoptosis. Loss of HLA class I in this context would be less relevant in terms of any drug-induced impact on NK cell tumor cytotoxicity as these MM cells would already be destined to die. Our analysis excluded this potential confounder by including Annexin V in addition to 7-AAD. Furthermore, by flow sorting Annexin V^−^7-AAD^−^ bortezomib-exposed HLA-E^low^ MM cells, we confirmed reduction of HLA-E was not part of an apoptosis process. Together with our data demonstrating significant loss of HLA-E expression on MM cells exposed to sub-toxic doses of the ER-stressor tunicamycin, our report collectively supports HLA-E loss rather than HLA class I loss as a mechanism by which MM cells that evade bortezomib-induced cell death become sensitized to NK cell killing.

Several mechanisms may be involved in the selective loss of HLA-E on non-apoptotic MM cells exposed to bortezomib. Our data on BFA-mediated blockade of the transportation of *de novo* produced HLA molecules to the cell surface of MM cells demonstrate the cell surface half-life of HLA-E is significantly shorter than that of HLA class I. As mentioned above, the tertiary structure and stability of HLA-E is much more dependent on proper protein folding and peptide loading in the ER compared to that of classical HLA class I molecules.^[21](#CIT0021)^ We speculate that this may explain why HLA-E but not HLA class I expression declines in non-apoptotic cells following bortezomib-induced ER-stress. In this report we do not assess whether proteasome inhibition affects the transcription or translation of HLA-E or HLA class I molecules. However, previous studies showing rapid loss of HLA-E expression following induction of intracellular oxidative stress,^[28](#CIT0028)^ which also induces ER-stress, have established HLA-E loss occurs mechanistically at a post-translational level rather than at a transcriptional or translational level. Taken together, the vast literature on the synthesis and presentation of HLA-E on the cell surface, the established link between ER-stress and DR5 upregulation following bortezomib treatment of cancer cells and previous work on drug-induced rapid suppression of HLA-E on cancer cells, all strongly support bortezomib-induced loss of HLA-E on MM cells is caused by ER-stress-mediated misfolding of *de novo* synthesized HLA-E molecules.

A critical role for NKG2A -- HLA-E interactions in NK cell-mediated killing of tumor cells has been pointed out in numerous *in vitro* studies.^[29](#CIT0029),[30](#CIT0030)^ As observed in this report, the functional consequence of bortezomib-induced loss of HLA-E expression on MM cells is activation and augmentation of NK cell tumor killing that is controlled solely by the NKG2A receptor. Circumventing tumor escape by down-regulating HLA-E expression using this approach would theoretically be more effective than blockade of the NKG2A receptor on NK cells, as the latter strategy may result in detuned NK cell responsiveness, as was observed in a recent clinical trial exploring KIR blockade in patients with smoldering MM.^[31](#CIT0031)^ Moreover, employing adoptive transfer of NK cells to bortezomib pre-treated patients would also bypass the need to rely on utilizing endogenous patient NK cells that often are dysfunctional in cancer patients, including in patients with advanced MM.^[32](#CIT0032)--[35](#CIT0035)^ One such approach currently under investigation in the clinic utilizes a strategy of delaying adoptive transfer of *ex vivo* expanded NK cells following bortezomib treatment until the drug is cleared from the circulation.^[36](#CIT0036)^ Infusion of NK cells following administration of bortezomib also opens up the possibility of utilizing a number of different methods to manipulate NK cells *ex vivo* to optimize their persistence, homing and targeting of MM *in vivo*.^[37](#CIT0037)^ We observed that NK cells expanded *ex vivo* using EBV-LCL feeder cells had superior killing of bortezomib-treated MM cells compared to unexpanded overnight IL-2 activated NK cells. This enhanced killing by expanded NK cells was likely the consequence of them having higher TRAIL expression and containing a larger percentage of NKG2A^SP^ NK cells, which would augment their cytotoxicity against tumors with upregulated DR5 and downregulated HLA-E expression following bortezomib exposure. These preclinical data suggest an expanded NK cell population would have superior clinical efficacy compared to unexpanded overnight IL-2 activated NK cells following adoptive NK cell transfer in myeloma patients pre-treated with bortezomib.

In addition to MM, many tumor types, including breast cancer,^[38](#CIT0038)^ ovarian carcinoma,^[39](#CIT0039)^ colon cancer,^[40](#CIT0040)^ cervical cancer,^[41](#CIT0041)^ melanoma,^[42](#CIT0042)^ glioma,^[43](#CIT0043)^ gastric cancer,^[44](#CIT0044)^ renal cell carcinoma,^[45](#CIT0045)^ acute myeloid leukemia,^[29](#CIT0029)^ over-express HLA-E. While bortezomib has been reported to have single-agent activity *in vitro* against several of these tumor types, no study to date has addressed whether this drug alters the expression of HLA-E on their cell surface. Based on our findings in MM, studies assessing whether bortezomib or other proteasome inhibitors would trigger suppression of HLA-E expression on non-myeloma tumor cells, potentially sensitizing them to killing by NKG2A^SP^ NK cells, are warranted. In this context, it is important to consider that MM cells are highly sensitive to proteasome inhibition due to their high antibody production, therefore proteasome inhibitor induction of ER-stress may not occur equally amongst other tumor types. Drugs that more directly trigger ER-stress independently of proteasome inhibition could likewise be tested. Groups have established that resveratrol,^[46](#CIT0046)^ valproic acid^[47](#CIT0047)^ and tunicamycin^[48](#CIT0048)^ can be used to induce ER-stress in leukemic cells. Sodium selenite, a compound that is currently being evaluated in the clinic,^[49](#CIT0049)^ has recently also been shown to induce ER-stress in lymphoma cells^[50](#CIT0050)^ and could represent another drug candidate to explore in the context of augmenting NK cell tumor killing, especially given the observation this agent suppresses HLA-E expression on tumor cells *in vitro*.^[28](#CIT0028)^ Further studies are clearly needed to address whether bortezomib-induced ER-stress or ER-stress induced by other means can trigger loss of cell surface HLA-E on tumors other than MM to sensitize them to killing by NK cells. Moreover, the potential of these drugs, including bortezomib, to also induce up-regulation of ligands for activation NK cell receptors has yet to be studied as additional mechanisms of tumor sensitization to NK cells.

In conclusion, we discovered that bortezomib triggers the loss of cell surface HLA-E on MM cells, resulting in a novel mechanism through which these tumor cells become selectively sensitized to killing by NKG2A^SP^ NK cells that are only inhibited via ligation to HLA-E on the target cell. Further, we establish for the first time that tumor sensitization to NK cell killing via the TRAIL/DR5 pathway, previously observed on other tumors, also occurs on MM cells. Finally, we show that *ex vivo* expanded NK cells that have both higher TRAIL surface expression and a greater percentage of NKG2A^SP^ NK cells compared to unexpanded overnight IL-2 activated NK cells mediate a stronger response to bortezomib-exposed MM cells compared to their unexpanded counterpart. Our findings showing ER-stress leads to the selective loss of HLA-E on MM cells suggests combined modality treatment utilizing the adoptive transfer of *ex vivo* expanded NK cells following treatment with bortezomib could potentially lead to the eradication of MM cells that escape bortezomib-induced apoptosis through ER-stress-induced autophagy. However, before this approach is explored in a clinical setting, additional studied are needed to confirm this mechanism in primary MM cells and establish proof-of-concept in an animal model.

Material and methods {#S0004}
====================

Cells {#S0004-S2001}
-----

The MM cell lines EJM, and OPM1 were obtained from Leslie Brents at Walter Reed National Military Medical Center (MD, USA) and the MM.1S was kindly provided by Dr. Irene Ghobrial at Dana-Farber Cancer Institute (MA, USA). The K562 cell line was from ATCC (VA, USA). All cells were propagated in complete media (RPMI 1640 with 2 mM Glutamine (Life Technologies, NY, USA) supplemented with 10% heat-inactivated FBS (Life Technologies). The NK cell isolation kit from Miltenyi (Bergisch Gladbach, Germany) was used to isolate NK cells from frozen peripheral blood mononuclear cells (PBMCs) of healthy donors collected and cryopreserved following informed consent (protocol 99-H-0050). Unexpanded NK cells were activated overnight in complete medium supplemented with 1000 IU/ml recombinant human IL-2 (Proleukin**®**; Chiron, USA).

NK cell expansion {#S0004-S2002}
-----------------

Isolated from healthy donor NK cells were combined with irradiated EBV-SMI-LCL cells at a ratio of 1:20 in NK cell media (X-VIVO 20 (Lonza) supplemented with 10% heat-inactivated human AB plasma (Sigma Aldrich) and 500 IU/ml of recombinant human IL-2 (Chiron).^[36](#CIT0036)^ The cells were cultured at 37°C, 6.5% CO~2~. Half of the media was replaced with fresh NK cell media 5 days into the expansion. NK cells were thereafter counted and adjusted to 0.5--1.0 × 10^6^ cells/ml every 48 hours from day 7 until utilized in experiments at day 14 of expansion.

KIR and HLA genotyping {#S0004-S2003}
----------------------

Genomic DNA was isolated from peripheral blood using the DNeasy® Blood & Tissue Kit (Qiagen). The *KIR* genotyping kit from Olerup-SSP AB (Stockholm, Sweden) was used for KIR genotyping. KIR ligands were determined by using the *KIR HLA* ligand kit (Olerup-SSP AB) for detection of the -*Bw4, -Cw3* (C1) and -*Cw4* (C2) motifs.

TRAIL blockade {#S0004-S2004}
--------------

Cell surface TRAIL was blocked on NK cells using the unconjugated anti-TRAIL antibody clone RIK-2 (Biolegend, CA, USA) at a final concentration of 10 μg/ml for 30 minutes. Following pre-blockade, the antibody was present in any functional assay at 5 μg/ml.

Cytotoxicity assay {#S0004-S2005}
------------------

A classical ^51^chromium (^51^Cr) release assay (CRA) was used to assess target lysis by NK cells. In brief, NK cells were co-cultured at a ratio of 1:1 with ^51^Cr-labeled target cells in a final volume of 200 µl in 96-well plates at 37°C and 5% CO~2~. After 4 hours, supernatant was harvested onto a Luma plate. Counts were measured using a Perkin Elmer 1450 Microbeta Counter and specific target lysis was calculated ((NK cell-induce ^51^Cr-release -- spontaneous ^51^Cr-release)/(maximum ^51^Cr-release -- spontaneous ^51^Cr-release) x 100).

Antibodies and reagents {#S0004-S2006}
-----------------------

anti-CD56 (B159), anti-CD56 (NCAM-1), anti-CD3 (UCHT1), Brefeldin A, 7-AAD and Annexin V were from Becton Dickinson (BD) (CA, USA). Anti-KIR2DL1/DS1 (EB6), anti-KIR2DL2/3/DS2 (GL183) and anti-NKG2A (Z199) were from Beckman Coulter (CA, USA). The anti-CD107a (H4A3), KIR3DL1 (Dx9), HLA class I (W6/32), HLA-E (3D12), DR5 (MDS5-1) were from Biolegend. The anti-Lir-1 (HP-F1) was from eBioscience (CA, USA). The LIVE/DEAD Fixable Dead Cell Stain kit was from Invitrogen (CA, USA). Tunicamycin was from Sigma Aldrich. Bortezomib was from Millennium Pharmaceuticals (MA, USA). Cisplatin was from APP Pharmaceuticals, LLC (IL, USA).

Brefeldin a assay {#S0004-S2007}
-----------------

MM cells were resuspended in complete media supplemented with 0.5 nM Brefeldin A (BFA). Cells were harvested at the denoted time points to assess HLA class I and HLA-E expression by flow cytometry.

Phenotyping of cells {#S0004-S2008}
--------------------

NK cells or MM cell lines were incubated with appropriate antibodies diluted in FACS buffer (PBS supplemented with 2% FCS and 0.5 mM EDTA) on ice for 15 minutes. Cells were washed three times in FACS buffer prior to acquisition on the BD LSRFortessa. For samples stained with Annexin V, cells were washed in Annexin V-binding buffer (BD) followed by resuspension in Annexin V-containing Annexin V-binding buffer prior to acquisition. When used, 7-AAD was added prior to acquisition.

NK cell degranulation assay {#S0004-S2009}
---------------------------

NK cells and target cells were mixed at a ratio of 1:1 in a final volume of 200 µl in 96-well plates. After one hour of co-culture at 37°C and 5% CO~2~, cells were stained with cell surface antibodies and the LIVE/DEAD marker (Invitrogen) for 15 minutes on ice, followed by washing in FACS buffer and fixation in 1% PFA (MP Biomedicals, CA, USA). Cells were acquired on a BD LSRFortessa. In the analysis, NK cells were defined by CD56^+^CD3^−^LIVE/DEAD^−^ lymphocytes.

Flow cytometry cell sorting {#S0004-S2010}
---------------------------

MM cells were exposed to 5 nM bortezomib for 24 hours prior to staining. A BDAria Flow Cytometer was used to sort 7-AAD^−^ live HLA-E^low^ and HLA-E^high^ cells. The sorted cells were collected in medium and directly plated for culturing at 37ºC 5% CO~2~. The viability was assessed 24 hours later by flow cytometry using Annexin V and 7-AAD.

Er-stress and viability assay {#S0004-S2011}
-----------------------------

MM cells were resuspended in complete media supplemented with either 1 μM Tunicamycin, 20 μM Cisplatin or 5 nM bortezomib. Cells were harvested after 24 hours to assess viability, HLA class I, HLA-E and DR5 expression by flow cytometry and intracellular protein expression.

Western blot {#S0004-S2012}
------------

Cells were lysed in CHAPS buffer (Cell Signal Technology) according to manufacturer's protocol. Purity and protein quantification was performed using a NanoDrop instrument (Thermo Fisher Scientific, CA, USA). Following pre-heating at 95°C, the isolated protein fractions were separated on a 4--20% Mini-PROTEAN® TGX™ Precast Gels (Bio-Rad) in Tris/Glycine/SDS Running Buffer (Bio-Rad). The Invitrogen™ Novex™ SeeBlue™ Plus2 Pre-stained Protein Standard Ladder (Invitrogen) ladder was used to identify the approximate protein sizes. Proteins were transferred to nitro-cellulose membranes using Trans-Blot® Turbo™ Mini Nitrocellulose Transfer Packs (Bio-Rad). The membrane was blocked with Odyssey® Blocking Buffer diluted in PBS before overnight incubation at + 4°C with either of the following mouse anti-human antibodies binding CHOP (clone L63F7, Cell Signaling Technology), BiP (clone C50B12, Cell Signaling Technology), LC3 (clone D3U4C, Cell Signaling Technology), LAMP-1 (clone D2D11, Cell Signaling Technology), β-Tubulin (Li-Core Biosciences) at 1:1000--1:10000 ratios. Antibodies were incubated in a solution of Odyssey® Blocking Buffer (Biosciences) in PBS with 0.1% Tween-20. After washing, the membrane was incubated with goat-anti mouse or goat-anti-rabbit fluorescent-conjugated antibodies (Li-Core Biosciences) at a 1:10,000 ratio. The blots were imaged with the Odyssey instrument (Li-Cor Biosciences).

Data and statistical analysis {#S0004-S2013}
-----------------------------

Flow cytometry data was analyzed using the FlowJo software (Treestar Inc.). Western blot data was analyzed using ImageJ (<http://rsbweb.nih.gov/ij/>). CRA data was analyzed using Excel (Microsoft). Graphs and statistical analyses were performed with PRISM (GraphPad Software Inc.). Wilcoxon was used for paired, and Mann-Whitney was used for unpaired T-tests.
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